risk, incidence, and treatment of VTE in adults. However, data on VTE in children are sparse. Much of the available pediatric data comes from retrospective database reviews and trauma registries. Pediatric hospitals are often charged with developing DVT prophylaxis protocols, despite a lack of prospective data. A survey report of children's hospitals showed that protocols varied widely, with some hospitals simply adopting or modifying adult procedures. 8 Protocols based on adult data may not be sensible in children. The limited available data suggest that the risk of DVT is much lower in children. 43 In 1994, the estimated incidence of DVT in children from the Canadian Childhood Thrombophilia registry was 0.07 per 10,000 children; this was less than the estimated incidence of 5.6-16 per 10,000 adults.. 34, 45, 46 Based on trauma data, the relative risk of DVT in children is 7.2 times less than in adults, or 24/10,000 pediatric trauma patients. 8, 23 Patients less than 12 years of age are considered to have a very low risk of developing DVT. 27 However, this consideration is based on either retrospective trauma data or tradition.
Pharmacological prophylaxis is generally considered safe in adults, but the risks are not well established in children. Low-molecular-weight heparins (LMWHs) are commonly used for surgical prophylaxis. The appropriate dosing in children varies with the age and size of the patient and thus may be more difficult to manage than in adults. 15 Heparin may theoretically cause heparin-induced thrombocytopenia (HIT), even with minimal doses. 33, 40 There is a small but definite risk of hemorrhagic complications with anticoagulants. 36, 42 Administering prophylactic medication to children based on adult protocols may subject neurosurgical patients to an unnecessary risk.
In this study, we attempted to evaluate the risk of developing DVT or subsequent VTE in pediatric neurosurgical patients aged 1 month to 12 years. We prospectively enrolled 100 consecutive patients scheduled for elective surgeries. Patients were evaluated with Doppler ultrasonography before and after surgery. Patients underwent surgery without either mechanical or pharmacological VTE prophylaxis. All data were collected prospectively; patients were followed clinically for at least 1 year.
Methods
The study began after approval from the Indiana University institutional review board (IRB). We received funding for the imaging of 100 patients. Patients were enrolled prospectively. Informed consent and assent were obtained per the guidelines of the Indiana University IRB. We enrolled 100 consecutive patients between the ages of 1 month to 12 years over the time period from 2013 through 2015. All patients were scheduled for an elective neurosurgical procedure performed under general anesthesia. Patients with a preexisting VTE, pregnancy, or known hypercoagulable state were excluded; all other patients were enrolled consecutively.
Patients enrolled in the study underwent a preoperative bilateral lower-extremity Doppler ultrasound examination within 48 hours of the surgery. A postoperative, bilateral lower-extremity study was performed within 72 hours after the surgery. Patients did not receive medical or mechanical VTE prophylaxis during surgery or in the immediate postoperative period. An independent, boardcertified radiologist evaluated all of the sonograms.
Demographic information, radiological results, and clinical outcomes were prospectively collected. Data points included age at time of the procedure, sex, diagnosis, comorbidities, body mass index (BMI) for children over 2 years of age, presence of a central line (jugular, subclavian, or femoral), duration of surgery, type of surgery, position during surgery (supine or prone), ultrasonography results, adverse events, and clinical outcomes. All patients were clinically followed for at least 1 year after the surgery.
This study was registered with the ClinicalTrials.gov database (http://clinicaltrials.gov), and its registration no. is NCT00622778.
Results
One hundred patients were initially enrolled in the study. Nine patients withdrew, either due to patient preference or deviation from the protocol. Of the 9 patients who withdrew, 2 did not have postoperative ultrasound studies ordered; 7 were unable to hold still for either the preoperative or postoperative study. All 9 patients were followed clinically after surgery; none had clinical evidence of VTE.
The study group thus consisted of 91 patients. The demographic data are shown in tabular form in Table 1 and in graph form in Fig. 1 . The ages ranged from 1 month to just under 12 years. The median age was 5.95 years. There was a predominance of spine surgical procedures, although a variety of cases were represented. The most common procedure was tethered spinal cord release (n = 39), followed by Chiari decompression (n = 17) and complex (instrumented) spine surgery (n = 13).
The surgical details are shown in Table 2 . The majority (80.2%) of patients were placed in the prone position. The total time in the operating room (OR) averaged 3:42:44 ± 1:37:51. Figure 2 shows bar graphs of the surgical time and the total time in the OR. There was only 1 patient with a venous central line. There were 3 complications in the perioperative period-1 patient had a postoperative CSF leak after a tethered cord release, 1 patient had feeding dysfunction prolonging his hospital stay, and 1 patient had asymptomatic premature ventricular contractions requiring extended cardiac monitoring. No patients had either clinical or ultrasound evidence of DVT. All patients were followed for at least 1 year. No patient developed clinical evidence of VTE in the postoperative period.
Discussion
Venous thromboembolism affects an estimated 300,000-600,000 people in the United States each year.
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The financial burden is significant, with a total estimated cost of $2 billion to $10 billion per year. The clinical consequences may be devastating. Up to 30% of all adult patients with DVT die within 30 days of diagnosis. VTE is considered the leading cause of preventable hospital death. 5 Neurosurgical patients are at particular risk of developing DVT and VTE. The estimated incidence of VTE in untreated adult neurosurgical patients is 22%-45%. 16 Risk factors are well established for adults and include advanced age, history of previous VTE, trauma, surgery, hospitalization and ICU care, cancer, paralysis, obesity, venous catheterization, pregnancy, estrogen use, and a variety of predisposing medical conditions (thrombophilias, myocardial infarction, systemic lupus erythematosus, and multiple others). 19, 29, 30, 41 Risk factors in children are less defined. In retrospective studies, risk factors for DVT in children include central venous lines, obesity, mechanical ventilation, preexisting coagulopathies, transfusion, higher Injury Severity Score, sepsis, trauma, malignancy, orthopedic surgery, and cranial surgical procedures.
2,12, 27, 28, 34, 49 The authors of a previous ultrasound study in primarily adult neurosurgical patients noted that the majority of perioperative DVTs occurred within 1 week of surgery and that the risk correlated with the duration of surgery.
32
A growing body of literature demonstrates a reduction of VTE in neurosurgical patients with pharmacological prophylaxis. 1, 11, 21 Prevention protocols are becoming an increasingly measured "quality metric" for hospitals. The Surgical Care Improvement Project (SCIP) was implemented in 2006 by the Centers for Medicare and Medicaid in conjunction with the Joint Commission and the Leapfrog Group. One core goal of the SCIP initiative is to prevent VTE. Increasingly, reimbursement for services is linked to quality metrics. While this is now accepted in adult practice, there is little direction in children's hospitals. A survey report of children's hospitals documented a wide disparity in policy and also noted that some pediatric hospitals simply adopted a modified version of the adult protocol. While the incidence of VTE has been thoroughly studied in adults, the available data on pediatric VTE are sparse. What data exist suggest that the risk of DVT and VTE is much lower in children. In large retrospective database analyses, VTE occurred in 0.2%-1% of pediatric trauma patients, compared with 20%-58% of adult trauma patients. 10, 12, 13, 47, 48 There is a prevailing opinion that children under 12 are at extremely low risk for DVT based on the trauma literature and tradition. 27 However, there is very little scientific study to support this opinion. Van Arendonk et al. examined the data on 402,329 patients registered in the United States National Trauma Data Bank. The incidence of VTE in children less than 12 years of age was 0%. 47 While the data strongly suggest that the incidence of VTE is much lower in children, extrapolating policy for elective neurosurgical procedures from trauma data may be problematic.
There is evidence that the overall incidence of DVT and VTE in children is increasing, likely from a combination of improved diagnostics and increased survival of children with severe medical issues. 20, 39 In addition, children may tolerate VTE much better than adults. In general pediatrics, the mortality rate following the diagnosis of PE ranges from 1% to 8%, much less than the 30% cited in adults. 37, 39, 44 In a retrospective review of an orthopedic database of 14,776 pediatric surgical patients, 15 patients were diagnosed with VTE. While the hospitalization of these patients was prolonged, none died within 30 days. 4 Others speculate that children tolerate PE better than adults because of fewer cardiopulmonary comorbidities and greater pulmonary reserve. 6 Children may develop a DVT without classic clinical manifestations of calf swelling, redness, tenderness, or Homan's sign.
14 A retrospective study based purely on clinical diagnosis codes may therefore underestimate the true incidence of VTE. One of our goals in this project was to evaluate whether our patients developed asymptomatic DVT.
There are very few prospective studies evaluating the incidence or risk of VTE in neurosurgical patients. One prospective ultrasound study in adult neurosurgical patients found an incidence of 5.6%. Interestingly, 81% of the DVTs diagnosed by ultrasound were asymptomatic at the time of discovery. 17 There are very few prospective studies in children and none that focus on those less than 12 years of age outside of the trauma literature. Rohrer et al. 43 prospectively evaluated 59 hospitalized pediatric patients with 2 or more risk factors for DVT using duplex ultrasound. They identified 1 DVT in a 17-year-old trauma patient. One of the only prospective studies evaluating elective surgical procedures was performed by Kaabachi et al. 31 They evaluated 40 teenagers undergoing elective scoliosis surgery with screening ultrasound. Eight patients with known hematological hypercoagulable states were excluded. They found 2 children with asymptomatic small clots and no children with symptomatic thrombosis. All patients were older than 12 years.
LMWHs are often employed for surgical prophylaxis. Advantages of LMWHs include predictable pharmacokinetics, ease of administration, low cost (the hospital purchase price of a 40-mg enoxaparin dose at Riley Hospital for Children is $3.68), low risk of HIT, and potentially fewer hemorrhagic complications compared with other anticoagulants. 3, 15 These considerations are based on adult studies. In children, the clearance of LMWH is age dependent, with infants requiring increased doses compared with older children. 35 Children may require twicedaily dosing, as opposed to the usual once-daily dosing in adults. 38 These factors may complicate the ease of administration cited in adults. Patients receiving any type of heparin have a risk of developing HIT, which may lead to devastating consequences; the risk is likely small, but it is poorly defined in children. 9, 33 There is also a small, but definite risk of hemorrhage with anticoagulants. 7, 26 In a study retrospectively reviewing the use of LMWHs in pediatric neurosurgical patients, the authors noted a symptomatic bleeding rate of approximately 10% with one patient requiring a craniotomy for hematoma evacuation. 22 Other studies have found the risk of major bleeding in children to be 5.6% with the use of LMWH 36 and up to 18% with the use of unfractionated heparin. 42 While the risk of pharmacological treatment is low, it is not absent, and to justify treatment, the benefit must outweigh the risk. Currently, there are no data (in contrast to the situation for adult patients) that show a benefit for the use of anticoagulants in elective pediatric neurosurgical procedures. 27 We prospectively enrolled 100 patients aged 1 month to 12 years into a study evaluating the risk of VTE in pediatric patients undergoing elective neurosurgical procedures. Ninety-one patients completed the study. Multiple factors were studied, including time in the OR. This ranged from 1:04:00 to 9:31:00 and averaged 3:42:44 ± 1:37:51 (Fig. 2) . The types of cases are shown in Table 1 . There was a relatively high percentage of spine surgeries. This breakdown in case types reasonably estimated the clinical practice of the senior author (D.H.F.) at the time. None of the patients enrolled received either mechanical or pharmacological VTE prophylaxis during surgery or in the perioperative period. In addition to undergoing preoperative and post- operative ultrasound examinations, all patients were clinically followed for at least 1 year. No patient developed ultrasonographic or clinical evidence of VTE.
Limitations
The strength of the study is that it is prospective. The primary weakness is the relatively small number of patients, which makes the study underpowered for definitive conclusions. While we would ideally have liked to enroll more patients, we were limited by available funding.
The gold standard for diagnosis of VTE is formal venography. However, this is an invasive and therefore painful test involving the injection of contrast material. While duplex ultrasonography is not quite as reliable, we valued the ability to do a noninvasive test. Modern Doppler ultrasonography is extremely accurate in the diagnosis of DVT, with a reported sensitivity of 96% and a specificity of 98%-100%. 18 Therefore, we consider the results of an ultrasound examination evaluated by an independent board-certified radiologist to be valid.
We excluded patients with a known hypercoagulable disorder, but we attempted to include any others. We only had 1 patient with a central venous line. A central line is highly correlated with VTE in the trauma literature, and thus likely to be a risk factor in elective practice. As only a single patient with a central venous line was included in our study, our ability to comment on this risk factor is minimal.
Conclusions
Governing bodies are increasingly mandating "quality metrics." In neurosurgery, prevention of VTE is a top priority. Nevertheless, instituting adult protocols for children may not be justified. Pharmacological treatment is generally safe, but not completely devoid of risk, and its efficacy in children has not been proven. In this study, we conclude that the risk of VTE in children undergoing elective neurosurgical procedures is extremely low. While the number of patients enrolled in the study precludes a determination of a definitive incidence, we can say that there were no instances of VTE in 91 patients aged 1 month to 12 years undergoing a variety of neurosurgical procedures.
We did not evaluate children with a hypercoagulable state, and we only had 1 patient with a central venous line. We would advocate consideration for treatment in these high-risk situations, but feel further study is needed.
We believe in the importance of quality initiatives and metrics, but we also believe that protocols for children must be based on study, rather than rote adaptation of adult practices. Our data suggest that the risk of VTE in children under 12 years of age is extremely low. There is a small but definable risk of bleeding with anticoagulant therapy in children. Therefore, given the low risk of developing VTE, the small risk of treatment, and the lack of data showing efficacy, pharmacological prophylaxis may not be necessary in most pediatric patients.
